ABSTRACT Permethrin has been used extensively for control of Pediculus humanus capitis De Geer (Anoplura: Pediculidae) in Argentina since 1990, resulting in the development of resistance to this and other pyrethroids. This resistance was Þrst detected in some Þeld populations in 1997. A survey for resistance in Buenos Aires in 2001 revealed signiÞcant resistance levels in lice on children at 24 of 26 (92.3%) schools. When compared with a previously unexposed reference population, resistance ratios (RRs) obtained by exposing the insects to Þlter papers impregnated with permethrin ranged from 2 to 60 in 10 (39%) of the schools. RRs in the remaining 14 (61%) populations were too great to not be measured with the Þlter paper method (RR Ͼ 88.7). As an alternative, we used topical applications of 0.1 l of acetone solution of permethrin on the dorsal abdomen of adults and third instars. This topical method, which has not been previously reported for head lice, was capable of quantifying higher levels of resistance. Highly resistant populations had RRs from 162.5 to 655.2. When applied to populations with low and intermediate levels of resistance, results from the Þlter paper and topical application methods were highly correlated, and RRs from topical application were higher than those from the Þlter paper method. Results from the combination of the two methods indicated that head lice among Buenos Aries school children are highly resistant to permethrin, and the resistance is widespread.
CHEMICAL CONTROL OF HEAD lice, Pediculus humanus capitis De Geer (Anoplura: Pediculidae), in the second half of the 20th century has been performed using a wide variety of insecticides, including DDT, dieldrin, lindane, malathion, pyrethrum, and pyrethroids such as permethrin. Resistance to DDT was demonstrated in the 1960s (Maunder 1971) ; more recently, resistance to the widely and currently used permethrin was reported in several countries, including France (Coz et al. 1993) , Czech Republic (Rupes et al. 1995) , Israel (Mumcuoglu et al. 1995) , Britain (Burgess 1995 , Downs et al. 1999 , Argentina (Picollo et al. 1998 (Picollo et al. , 2000 , and the United States (Pollack et al. 1999) .
The reported levels of permethrin resistance in head lice from the different countries are difÞcult to compare because of differences in exposure methods, observation times, and methods of data analysis. The most commonly used test for detecting insecticide resistance in head lice was surface contact, where the insects were exposed to a thin Þlm of pesticide on a treated substrate. Head lice from France (Coz et al. 1993) were exposed to Þlter paper disks impregnated with two discriminating doses of permethrin (0.1 and 1%), and lice survival rates were observed after 24 h of contact. Lice from the Czech Republic (Rupes et al. 1995) were exposed to bunches of simulated human hair impregnated with different concentrations of permethrin, and mortality was recorded 16 h later to calculate lethal concentration 50% (LC 50 ) and lethal concentration 90% (LC 90 ). Head lice from Israel (Mumcuoglu et al. 1995) and Britain (Burgess 1995 , Downs et al. 1999 ) were exposed to permethrinimpregnated Þlter paper with silicone ßuid alone, and the number of dead and live insects were recorded at regular time intervals until complete mortality occurred. Mumcuoglu et al. (1995) calculated time-probit mortality regression lines to estimate lethal time 50% (LT 50 ). Head lice from Argentina (Picollo et al. 1998 (Picollo et al. , 2000 were exposed for 1 h to Þlter papers impregnated with different concentrations of permethrin dissolved in diotylphthalate. Dead and live insects were recorded 18 h after treatment, and data were used to determine LC 50 . The RR for a subject population was calculated as the ratio of the LC 50 of the subject population to the LC 50 of a reference population. High levels of resistance to permethrin were present in the evaluated populations (RR from 52.8 to Ͼ88.7), but the method was not sensitive enough to deÞne the magnitude of resistance in the most resistant populations (RR Ͼ 88.7).
The aims of this study were (1) to examine resistance to permethrin in P. humanus capitis Þeld samples from schools in and around Buenos Aires and (2) to examine a topical application procedure for deÞning resistance ratios in populations deemed highly resistant with the Þlter paper method.
Materials and Methods
Lice. In 2001, living specimens were collected from infested children at 26 randomly selected schools from all city districts in and around Buenos Aires, Argentina, where permethrin-based pediculicides had been used intensively since 1990. Live head lice were obtained from 6,250 children ages 6 Ð12 yr, using a Þne-toothed antilouse comb (Nopucid, Interbelle Cosmetics, Buenos Aires, Argentina), according to a protocol approved by the ad-hoc committee of the Research Center of Pests and Insecticides and archived in our laboratory. In preliminary bioassays, we found that lice collected from the heads of children in the same home or school had similar levels of susceptibility to permethrin. Therefore, lice from each school were grouped, designated as a separate population, and named according to school from which they had been collected. The Marta population was collected from four children whose parents reported to us that they never received pediculicide treatment, so this population was designated as a naṏve reference population. Adults and third instars were used in all bioassays.
Chemicals and Bioassays. Technical grade permethrin (42.5% cis and 54.2% trans) was obtained from Chemotecnica (Buenos Aires, Argentina), dioctylphtalate (98%) was from Aldrich (Milwakee, WI), and all solvents were analytical grade and purchased from Merck (Buenos Aires, Argentina).
Filter Paper Assay. Lice were exposed to impregnated Þlter papers made according to the method of the World Health Organization (1981), as modiÞed by Picollo et al. (1998) . A stock solution of 90% permethrin was prepared in dioctylphtalate and diluted in chloroform (1:3) to obtain six desired concentrations. Then, 0.4 ml of each solution was pipetted onto separate 7-cm Whatman no. 1 Þlter paper discs (Maidstone, UK) and dried for 24 h. Final concentrations of permethrin on the Þlter paper ranged from 0.3 to 90% of the insecticide in stock solution.
Batches of at least 10 lice per replicate from each population were conÞned in glass rings (4 cm diameter) for 1 h on the impregnated papers. Exposed insects were then transferred onto moistened (0.5 ml water) clean Þlter paper discs in the bottoms of clean plastic petri dishes. Three replicate dishes per concentration were prepared.
Topical Application. Serial dilutions of permethrin in acetone were prepared and applied to individual lice with a 5-l syringe provided with a repeating dispenser. Each louse was treated with 0.1 l of the solution on the dorsal abdomen. Nine Þnal doses ranged from 0.03 to 3,000 ng/insect. Treated insects were placed onto Þlter paper discs moistened with 0.5 ml water by the same method as that used in the Þlter paper test. Each concentration was replicated three times using 10 insects per replicate. Topical assays were conducted on Þve of the same populations that were assayed with the Þlter paper method, including the susceptible Marta population.
After treatment, insects in both assays were housed in an environmental chamber (Lab-Line Instruments, Melrose Park, IL) at 18 Ϯ 0.5ЊC, 70 Ð 80% RH, and lights off, and mortality was recorded at 18 h (Picollo et al. 1998) . The criterion for mortality was inability to walk from the center to the border of a 7-cm Þlter paper disc.
Statistical Analysis. Mortality data were corrected using AbbottÕs formula (Abbott 1925) . ConcentrationÐmortality data from the Þlter paper method and doseÐmortality data from the topical method for each population were subjected to probit analysis (LitchÞeld and Wilcoxon 1949). LC 50 values obtained from probit analysis were expressed as the percentage of insecticide contained in the stock solution in the Þlter paper assays or as lethal dose 50% (LD 50 ) values in micrograms permethrin per insect in the topical assays. After probit analyses, RRs and 95% CLs were calculated as described by Robertson and Preisler (1992) for each population and application method, and RRs were calculated using the susceptible population (Marta) as reference.
Results
Results from the Þlter paper assays of permethrin toxicities among the 26 populations of P. humanus capitis from school children in Buenos Aires and surrounding localities are summarized in Table 1 . Resistance was detected in 24 of the 26 samples (92.3%). However, RRs could be measured in only 10 of 24 populations, where they ranged from 1.86 to Ͼ52.9. Resistance could not be measured in the remaining 14 populations, because no mortality was recordedÑ even after exposure to the highest concentration (90%). Hence, estimated RRs for these populations were designated as Ͼ88.7.
To further deÞne the magnitude of resistance in resistant populations, resistance was also measured with the topical application method (Table 2) in four populations. In all cases, RRs could be measured and ranged from 154 to 655 relative to the Marta reference population. Among the two populations where RRs could be measured with the Þlter paper method, paired RRs obtained with Þlter paper method and topical application were highly correlated (r ϭ 0.99), and RRs were consistently greater with the topical method than with the Þlter paper method (Fig. 1) . In the two cases where RRs could not be measured with the Þlter paper method (i.e., Ͼ88.7), RRs could be measured with the topical application method.
Discussion
Evidence of permethrin resistance was found in 92.3% of the 26 populations obtained from schools in Buenos Aires. RRs, as measured with Þlter paper assay and relative to the reference population (Marta), ranged from 1.86 to Ͼ88.7. Permethrin was Þrst used in Argentina in 1990, and resistance to permethrin was Þrst detected in Þeld populations from Buenos Aires in 1997 (Picollo et al. 1998) . Because the lice we studied were from schools distributed in all the cityÕs districts, permethrin resistance seems to be widespread among school children in Buenos Aires. A similar situation was reported by Burgess and Brown (1999) from several localities in the United Kingdom. Head lice from the area around Brighton, on the southeast coast of England, showed Ͼ400-fold resistance to malathion, and resistance to permethrin occurred at a lower level than to malathion. A similar pattern of resistance to malathion and permethrin had begun to emerge in other parts of the UK.
Our survey for permethrin resistance in head lice from Buenos Aires, using the Þlter paper exposure method, could quantify the resistance in 39% of evaluated populations, with RRs from 1.86 to 52.9. However, the method was not able to measure resistance in 61% of the remaining populations, where RRs were Ͼ88.7. As an alternative, we evaluated topical application on the dorsal abdomen of adults and third instars from two of the highly resistant populations. This method has not been previously reported for head lice. Highly resistant populations had RRs of 162.5Ð 655.2. Comparison of values estimated with the two bioassay methods on the same populations showed that there was a direct relationship between RRs obtained by Þlter paper method and those obtained from topical application.
The effectiveness of different bioassay methods for determining resistance to insecticides has been extensively studied in the German cockroach Blatella germanica (L). Scott et al. (1986) studied cross-resistance among all pyrethroids in a DDT-resistant (kdr) strain that had never been exposed to any pyrethroid. The authors detected cross-resistance to cypermethrin and deltamethrin when topical application method was used but not when a surface contact method was used. Similarly, Scharf et al. (1995) and Wi Choo et al. (2000) found that topical application on tarsal pads was more sensitive than a glass exposure assay for resistance in German cockroaches.
For P. humanus capitis, topical assay permitted measurement of RRs in cases where the Þlter paper method was inadequate. Further study will be needed to more fully examine correspondence between the RRs measured with the two methods. Because RRs are an important index for resistance management, topical application may be the more appropriate bioassay for determining the levels of resistance in head lice. Our evidence indicates the topical method can measure resistance over a wider range of levels. Additionally, topical assays were easier and faster to complete, because they did not require preparation of insecticidedioctylphtalateÐimpregnated Þlter papers. 
